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Misfolding of proteins and their accumulation into aggregates causes a diverse spectrum of age-associated fatal diseases such as neurodegenerative diseases as well as others such as vascular inflammation and atherosclerosis (1) (2) (3) (4) . It is currently not known why misfolded proteins and/or their accumulation into aggregates can become detrimental to the cell, but recent studies suggest that the sequestration of aggregates into specialized deposition sites is a key defensive strategy for protecting the cell from harmful interactions involving the misfolded proteins (5) (6) (7) (8) . Understanding the cellular strategies of aggregate handling is therefore key to developing therapeutic approaches for treating those diseases associated with misfolded proteins. The mechanism(s) for the handling of aggregates have been extensively studied in the model organism Saccharomyces cerevisiae (9, 10) . The separation and characterization of aggregated and non-aggregated protein species by traditional biochemical methods has proven useful, but these procedures are sometimes rather laborious and consequently often inapplicable for large screenings (11) . The current gold standard for characterizing protein aggregates is fluorescence microscopy using fluorescently tagged substrates that are known to aggregate. This method, however, has some significant limitations with respect to compatibility with high-throughput screening (HTS) (12, 13) . For instance, the speed of image acquisition can be rate-limiting, especially at the higher magnification that is required for small model organisms such as yeast. When image acquisition is automated, the type of autofocus used can also greatly reduce the speed of image acquisition. Furthermore, using multiple fluorescence channels may be time-consuming, particularly when working with fluorochromes of different quantum yields. This time-cost aspect also often limits such screening to fixed cells. Automated image analysis has helped to reduce this burden, but it requires the generation of highly sophis-
Characterization of aggregate load and pattern in living yeast cells by flow cytometry
Protein aggregation is both a hallmark of and a driving force for a number of diseases. It is therefore important to identify the nature of these aggregates and the mechanism(s) by which the cell counteracts their detrimental properties. Currently, the study of aggregation in vivo is performed primarily using fluorescently tagged versions of proteins and analyzing the aggregates by fluorescence microscopy. While this strategy is considered the gold standard, it has several limitations, particularly with respect to its suitability for high-throughput screening (HTS). Here, using a GFP fusion of the well-characterized yeast prion amyloid protein [PSI+] , we demonstrate that flow cytometry, which utilizes the same physical principles as fluorescence microscopy, can be used to determine the aggregate load and pattern in live and fixed yeast cells. Furthermore, our approach can easily be applied to high-throughput analyses such as screenings with a yeast deletion library.
Reports

METHOD SUMMARY
Our simple flow cytometry-based method allows rapid characterization of protein aggregation in living yeast cells using GFP fusions of model amyloid proteins. In addition to differentiating between the soluble or aggregated state of a protein, this method also allows for the characterization of the load and distribution of aggregates in individual cells within a large population and is easily applicable to high-throughput screening (HTS). ticated algorithms, which, if not used correctly, can be error-prone. The large amount of image data generated by automated microscopy also requires large memory storage capacities. Due to these limitations, it has been suggested that HTS using automated microscopy should be simplified when possible by reducing the number of fluorescence channels, limiting the number of images that are acquired per well, or using a low magnification (12) . Following an initial screen, a more detailed analysis can then be performed on the subset of positive candidates and/or conditions identified by the screening.
Researchers have therefore started to investigate other methods to characterize aggregation. Since protein aggregation can be associated with toxicity, a readout related to diminished cell growth is particularly useful for HTS (14) (15) (16) . However, experimental conditions that allow for detection of a correlation between aggregation, toxicity and altered cell growth are often hard to find and rather indirect. Recently, flow cytometry was successfully employed for aggregate characterization in mammalian cells (13) . Characterization and quantification of differently sized aggregates from yeast is also possible using flow cytometry, but only ex vivo, once the cells have been lysed (17) .
Flow cytometry measures optical and fluorescence characteristics of single cells in suspension as they pass through a beam of light. In this respect, flow cytometry is similar to microscopy, except that instead of producing an image of a cell, it automatically quantifies a set of parameters, which include a cell's relative size and reflective index, referred to as the forward scatter (FSC); granularity/internal complexity referred to as side scatter (SSC); and the relative fluorescence intensity of a fluorophore (18) , which in yeast would be the fluorescently tagged protein. As yeast containing a fluorescently tagged protein pass through the light beam, photons are emitted, and the intensity of the voltage for that given fluorochrome increases. As the yeast completes its path through the light beam, it leaves behind a pulse of voltage over time (Supplementary Figure S1 ). This pulse is defined by its height (H) and width (W), both of which are measured by the flow cytometer. A cell in which the fluorescence is evenly distributed will generate a broad pulse (low H and high W), whereas a cell with punctate fluorescence will generate a narrower, steeper pulse (high H and low W). The area under the pulse, referred to as the pulse area, is directly proportional to the intensity of the fluorescence for that event and can therefore be used as a measure of the expression and/or abundance of the fluorescently tagged protein. Of the three parameters that define the pulse, the W parameter can also be used to characterize the relative distribution of the fluorochrome of interest. Using this parameter, frequency analysis can be performed and then fitted by nonlinear regression to a Gaussian distribution. The resulting curve is defined by the mean of the W signal, the spread or standard deviation (SD) of the W signal, and the maximum percent frequency or amplitude. Of these parameters, it is the amplitude and SD that can be used to define the distribution of the fluorochrome signal within the cell. Such pulse-shape analysis cannot be readily performed by conventional fluorescence microscopy, which is limited to the single parameter of signal intensity. It has been demonstrated that flow cytometry and pulse-shape analysis can be used to monitor changes in the localization of GFP-tagged polyglutamine (polyQ)-expanded Huntingtin protein in mammalian cells (13) .
Here, we investigate the viability of flow cytometry as a screening tool to characterize protein aggregation in yeast. (19) , and prions can be easily visualized using fusions with GFP (20) (21) (22) . In the aggregated state, the prion can be present in different forms. This can range from a single high-intensity focus (23) representing an insoluble protein deposit (IPOD) (24) , to multiple intense foci, distributed apparently at random within the cytoplasm (25) . These different phenotypes depend on various experimental factors, such as the choice of the prion protein fusion construct or the level of expression used (26) . Loss of the prion state and its concomitant aggregation can be observed as a result of the deletion and/ or inhibition of the molecular chaperone Hsp104 (27) . These different aggregation states in otherwise isogenic yeast strains were initially used to establish whether analysis by flow cytometry could detect differences in the aggregation status of [PSI + ]/PrD-GFP in intact yeast cells.
Materials and methods
Plasmids, yeast strains, and standard growth conditions
The yeast strain Y8205 (28) was modified by deletion of the PrD domain in the endogenous SUP35 protein by a replacement of wild-type SUP35 with pSup35C using a pop-in/pop-out method (29, 30) , followed by an insertion of pRS306-GPD-PrD-GFP (23) (23), a strain that propagated PrD-GFP in the mature prion form was obtained. Curing with 5 mM guanidine hydrochloride (GndHCl) (Sigma-Aldrich, Munich, Germany) resulted in a [pin -] strain that harbored PrD-GFP in the soluble non-prion form (23) . Proteins Htt25Q and Htt103Q were expressed from the cen plasmids p416-Gal-Htt25Q/103Q (31) in BY4741 (Euroscarf, Frankfurt, Germany). Gene deletions were introduced into the modified Y8205 strain by mating it to strains of the yeast deletion library (Invitrogen, Carlsbad, CA) following the systematic gene analysis (SGA) strategy (32) .
Unless otherwise indicated, yeast cells were grown in standard YPD media (components purchased from BD Diagnostics, Sparks, MD) at 30°C to an OD 600 of ~0.5 and then transferred to PBS (Sigma-Aldrich) for flow cytometry analysis and fluorescence microscopy.
Yeast deletion library screening using SGA A screen of the first plate of the yeast deletion library was done according to SGA (32) . Details are included in the Supplementary Materials.
Fluorescence microscopy
Fluorescence microscopy was performed to validate flow cytometry data using standard microscopy methods. Details are included in the Supplementary Materials.
Flow cytometry
Cells were analyzed at a low flow rate in a BD FACSCanto system equipped with a 488 nm laser (BD Biosciences, San Jose, CA). For each sample, 50,000 events were collected. Data for the GFP/FITC channel were collected as pulse height, area, and width parameters.
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For cell sorting and subsequent imaging by microscopy, cells were collected into a 5 mL polypropylene FACS tube by a FACSAria cell sorter equipped with a 488 nm and 405 nm (for the detection of calcoflour white) laser (BD Biosciences). These cells were then imaged by fluorescence microscopy.
For the high-throughput screening, cells were analyzed at a low flow rate in a BD FACSCanto, equipped with a 488 nm laser and a 96-well plate sample loader (BD Biosciences). In the screening application, 10,000 events/sample were collected Flow cytometry data was analyzed using FlowJo version xV0.7 (Ashland OR).
For pulse-shape analysis, flow cytometry data in FCS format were exported into text format using FlowJo and analyzed in GraphPad Prism version 6.05 for Mactonish (GraphPad Software, San Diego, CA). Frequency distribution analysis of GFP-W signal was performed, tabulating the data and plotting it as relative frequency in percentages. Nonlinear regression was then performed, fitting data to a Gaussian curve, to determine signal amplitude, SD, and mean GFP-W signal.
A detailed step-by-step protocol is provided in the Supplementary Material.
Results and discussion
Detection of aggregate load by flow cytometry
To establish the characteristics of the PrD-GFP aggregation model, cells harboring the protein in the mature prion state were analyzed by fluorescence microscopy and flow cytometry. Analysis by flow cytometry revealed that the culture was considerably more heterogeneous, particularly with respect to the amount of GFP fluorescence (GFP-A), than anticipated by microscopy where PrD-GFP aggregates were localized uniformly to one single aggregate corresponding to the IPOD ( Figure 1A ) (23) . Based upon the GFP-A versus FSC/size scatter plots, the GFP + population was divided into four sub-populations: GFP very high , GFP high , GFP medium , and GFP low ( Figure 1B ). This would suggest a different aggregate load of PrD-GFP within individual cells. This heterogeneity was confirmed by the scatter plots of the height (GFP-H) versus width (GFP-W) of the GFP signal ( Figure 1C ), which showed that GFP-H varied considerably, from 0 to 10 4 arbitrary units. However, the range for GFP-W was narrower, indicating a similar cellular distribution of PrD-GFP. To confirm differences in PrD-GFP loads between individual cells, fluorescence activated cell sorting (FACS) was used to collect different GFP sub-populations ( Figure 1E ). Microscopy analysis showed that GFP very high cells had a bigger, more intense focal aggregate ( Figure 1F One feature that would contribute to unequal amounts of PrD-GFP aggregates in individual cells is an asymmetrical distribution of the PrD-GFP aggregates during cell division. This process ensures that 
REPORTS
the burden of aggregated proteins is not passed on to the daughter cell but rather is retained by the mother (23, (33) (34) (35) . As a consequence, older cells would have a higher aggregate load as compared with freshly budded ones. The replicative age of yeast cells can be estimated by determining the number of bud scars after staining with calcoflour white. Utilizing a flow cytometer equipped with the appropriate lasers and emission filters, the intensities of PrD-GFP and calcoflour white could be measured simultaneously. It was found that cells from populations with higher GFP intensities also had higher calcofluor white signals as compared with the cells from GFP populations with lower GFP intensities (Figure 1 , D and E). Microscopy analysis ( Figure 1G ) confirmed this correlation between GFP and calcoflour white intensities measured by flow cytometry and the number of bud scars and size of the PrD-GFP IPODs analyzed by microscopy ( Figure 1E ), further supporting the idea of asymmetric aggregate distribution during cell division. The GFP very high population (17% of the cells) was consistently considerably smaller than the GFP high and GFP medium populations ( Figure 1E ). This is in agreement with the observation that the number of old cells within a logarithmically growing yeast culture is rather small.
Differences in the aggregation status of PrD-GFP can be detected by flow cytometry
To establish whether flow cytometry could also be used to distinguish between PrD-GFP in the soluble and aggregated state, the mature prion state with a focal aggregate (Figure 2A, left panel) was compared with a culture where the prion state was removed by curing via inhibition of Hsp104 with low concentrations of GndHCl (23, 36) , resulting in a diffuse fluorescence signal (Figure 2A , middle panel). Additionally, we included Dhsp104 cells where PrD-GFP was also diffusely distributed in the cytoplasm (Figure 2A , right panel). Analysis by flow cytometry showed that each culture tested had a unique scatter plot with respect to GFP-A versus FSC ( Figure  2B ). In comparison to the scatter plot of cells with a single aggregate ( Figure 2B , left panel), the soluble/diffuse aggregation phenotype consisted of a single GFP population ( Figure 2B , middle and right panels) with a much narrower range of GFP intensity (GFP-A). There was almost no difference between the GnDHCl-cured and the Dhsp104 cells, suggesting that the differences observed between the cells with either diffuse fluorescence or single aggregates were due to different distributions of the PrD-GFP protein and were not artifacts of GndHCl-curing or differences in the Dhsp104 knockout background. We also consistently observed no difference between the three strains with respect to growth rate (Supplementary Figure  S2) that could account for the differences observed by flow cytometry. The differences between the two phenotypes became even clearer in the GFP-H versus GFP-W scatter plots ( Figure 2C ). The cells bearing a single aggregate ( Figure 2C , left panel) had a much broader spread of GFP-H values but a narrower range of GFP-W values as compared with diffuse cells ( Figure 2C , middle and right panels). This was consistent with the more variable amounts of PrD-GFP localized to a single focus as compared with PrD-GFP in the diffuse state (Figure 2A ) because soluble PrD-GFP is not subject to retention in the mother cells, and its distribution is more
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Choose from a large selection: To better describe the differences observed, pulse-shape analysis was performed. For the two aggregate phenotypes tested, the parameters of the pulseshape analysis are given in Supplementary  Table S1 . Comparison of the soluble/diffuse phenotype to the single foci aggregate showed that the latter had a significant increase in the amplitude of the GFP-W signal, as well as a significant decrease in the SD, giving rise to a higher and narrower pulse signal ( Figure 2D) , consistent with the previously described scatter plots and microscopy analysis.
To further demonstrate the specificity and sensitivity of the detection of these two aggregation states by flow cytometry, the soluble/diffuse cells were diluted into a population of cell containing a single aggregate. Analysis of the GFP-H versus GFP-W scatter plots clearly showed the presence of two distinct populations, even at the highest dilution of 1:20, which corresponded to the appropriate aggregation phenotype of the mixed cells ( Figure 2E ).
Different aggregation substrates can be characterized by flow cytometry
To demonstrate whether analysis by flow cytometry could be applied to other aggregating protein substrates, the first exon of the Huntington's disease protein, Huntingtin (Htt), either with a short polyQ stretch (Htt25Q) or a long polyQ extension (Htt103Q), which is the aggregating form, were studied. For this experiment, we induced expression of the proteins by galactose administration for different periods of time to yield different expression levels and then measured the average GFP fluorescence intensity ( Figure 3A) . Preliminary analysis of the GFP-H versus GFP-W scatter plots showed less pronounced differences between Htt25Q and Htt103Q at early times of induction of the constructs ( Figure 3B , left panel), but these differences became more obvious with prolonged expression times and concomitantly higher protein levels ( Figure 3B, right panel) . Pulseshape analysis ( Figure 3C ) reflected these changes; for the Htt103Q aggregating construct, during prolonged induction the amplitude increased and the SD decreased, with the subsequent GFP peak becoming steeper and narrower. Similar changes were not observed for Htt25Q ( Figure 3C ). These changes are consistent with those previously described between the diffuse signal and single-aggregate cells containing the prion substrate, suggesting that Htt25Q displays the diffuse fluorescence phenotype while Htt103Q's is more aggregated. These phenotypes were subsequently confirmed by fluorescence microscopy ( Figure 3A) , demonstrating that the different aggregating substrates can be characterized by flow cytometry.
Limitations of protein aggregation characterization by flow cytometry
The aggregation status of the Htt protein highlights one of the major limitations of this flow cytometry method, in that when the expression levels of the protein of interest are very low (short induction times), the differences measured by flow cytometry are less obvious as compared with longer expression times, where more protein accumulates ( Figure 3B ). Furthermore, at early time points of induction, some of the Htt103Q protein was still soluble ( Figure 3A, left panel) . Thus, when the protein of interest only aggregates partially, the differences in the plots are also less obvious. This demonstrates that, despite the flexibility of the flow cytometer, it may not necessarily have the same degree of sensitivity as a fluorescence microscope. However, such limitations can be overcome by ensuring that the cytometer is fully calibrated with respect to the laser and optical setup (see protocol in Supplementary Material). Furthermore, a preliminary analysis of a sample of the culture with and without the fluorescently tagged protein of interest should be run prior to the implementation of the method. This is to determine whether the signal of the fluorescently tagged protein of interest is higher than the background/auto-fluorescence of the culture and can therefore be easily differentiated from non-fluorescent cells. If this is not possible, then experimental adjustments would be required to ensure either a higher level of expression, more complete aggregation, or a brighter fluorochrome in order to facilitate the detection of differences by flow cytometry.
High-throughput analyses of aggregate load and distribution by flow cytometry To establish whether HTS by flow cytometry could be used as part of genome-wide screening of the yeast deletion library, a query strain harboring a PrD-GFP fusion in the prion state (23) was prepared and mated with the first plate of the yeast deletion library, following the SGA procedure (32) , so as to introduce the gene deletions into the strain background that propagated PrD-GFP in the prion state. Cultures of the resulting haploid cells were then screened by flow cytometry. The majority of the strains analyzed displayed GFP-H versus GFP-W plots that were indistinguishable from the single-aggregate phenotype of the wild-type strain (data not shown). However, eight gene deletions had scatter plots that were markedly distinct from the wild-type strain ( Figure  4 and Supplementary Figure S3 , middle panels). The most obvious difference was observed in the Dhsp104 strain present in the first plate of the library, which had previously been used to characterize the diffuse fluorescence phenotype ( Figure  2) . Furthermore, three gene deletions, Dlds1 (Figure 4) , Dpex22, and Dyal004w (Supplementary Figure S3) had scatter plots that resembled the ones from the mixing experiments in which Dhsp104 cells were mixed into a population of wild-type cells ( Figure 2E ). The YAL004W ORF is classified as dubious, but overlaps with the SSA1 ORF coding for an Hsp70-type Average GFP fluorescence intensity per cell/event in arbitrary units (GFP-A mean), measured by flow cytometry, is given. Percentages in the fluorescence images correspond to the frequency of the phenotype shown. For the Dbud14 strain in comparison to the wild-type, the average "single aggregate" size was determined by single particle analysis using ImageJ software; "n" is the number of cells included in the analysis. All strains were analyzed directly after SGA as non-fixed cells. The dashed lines represent the borders of the cells, and the scale bar represents 2 mm. Each scatter plot represents 10,000 events.
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chaperone involved in prion inheritance (37) (38) (39) . Microscopy analysis confirmed that there was a considerable percentage of cells with diffuse fluorescence (7%-26%) also present in the cultures that were predominantly cells with a single focal PrD-GFP aggregate (Figure 4 and Supplementary Figure S3, right panels) . Although such a phenotype may make sense for cells with impaired SSA1 protein function, it was unexpected in this case because the N-terminal part of the protein is involved in prion maintenance (40, 41) , but the deletion of the dubious YAL004W ORF removes the C-terminal part of the protein. Thus, the biological significance has to be further determined for all three of the identified genes. Nonetheless, FACS analysis was able to show these differences among the deletion strains in a sensitive and reliable manner.
A second group of gene deletions within a subpopulation of cells with much higher GFP-H and GFP-W signals as compared with a wild-type culture was also identified (Figure 4 and Supplementary Figure S3 , middle panels). These were BUD14 (Figure 4) , PMT2, and KIN3 (Supplementary Figure S3) , in which the mean intensity of the GFP signal per cell (right panels) was clearly higher. Furthermore, the relative size and morphology of a subpopulation of cells in these mutants, which can be seen in the SSC-A versus FSC-A plot (Figure 4 and Supplementary Figure S3 , left panels), was larger. Bigger cells would contain more PrD-GFP, which could explain the higher GFP intensity per cell. Fluorescence microscopy followed by singleparticle analysis of the single-aggregate cells confirmed that the cells had larger aggregates (Figure 4 and Supplementary Figure S3 , right panels). Although in this case it is probably more related to cell morphology rather than prion biology, such a phenotype would have been harder to identify in a large-scale fluorescence microscopy approach. One further interesting hit was the MMM1 gene, in which a clear subpopulation of cells with lower GFP-H values was observed that was not present in the wild-type strain (Figure 4, middle panel) . Fluorescence microscopy revealed in this case that ~14% of the cells contained many tiny aggregates rather than one single focal aggregate, which would correspond to this subpopulation.
Considering the full range of parameters measured by flow cytometry, it is possible not only to reveal differences in aggregation behavior but also to explain some of the observed differences. However, a more detailed analysis by fluorescence microscopy of the most promising single hits of a screen is still required to reveal their possible biological significance.
Our HTS confirmed that flow cytometry can easily be employed for genome-wide screening applications. This should be true not only for genomic libraries, but also for small molecule/compound libraries that are usually much more extensive and require less expensive and time-intensive solutions.
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